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Abstract—In this work, a tilted fiber Bragg grating (TFBG)
is integrated with a free spectral range matched interrogation
(FSRMI) system for temperature and strain sensing applications.
The experimental data show that the peak wavelengths of the
core and cladding modes of the TFBG shift linearly to longer
wavelength with the increase of temperature and strain. Since
the FSRMI system allows simultaneous demodulation of multiple
wavelengths, the sensing system can be extended by integrating a
-channel FSRMI with TFBGs for multipoint temperature and
strain sensing with high precision and fast detection rate.
Index Terms—Free spectral range matched interrogation
(FSRMI), multiple-point sensing, temperature and strain sensor,
tilted fiber Bragg grating sensors.
I. INTRODUCTION
I N-FIBER Bragg gratings (FBGs) have been of substantialinterests due to their numerous applications in strain,
temperature, magnetic field, and in-line reflection sensing
[1]–[8]. Among them titled fiber Bragg gratings (TFBGs)
are short-period gratings where the refractive index modula-
tion of the core is purposely blazed with respect to the fiber
axis by a tilt angle in order to enhance coupling between the
forward-propagating core mode and the contra-propagating
cladding modes. The core mode resonance and cladding mode
resonances of a TFBG appear as multiple dips in the trans-
mission spectrum. The resonance wavelengths are sensitive
to differential changes in tilt angle, refractive index of the
surrounding and environmental parameters [9], [10], TFBGs
have therefore been used for temperature and strain sensing
applications. A few commonly used wavelength demodulation
approaches include wavelength-division multiplexing (WDM)
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interrogation techniques, charge-coupled devices (CCD) inter-
rogation techniques, fiber Fabry–Pérot (FFP) filter interrogation
techniques and others [11]–[14]. The WDM techniques and
the CCD techniques are used due to their high precision and
fast response time. However, they could be costly for simple
applications. Conventional FFP filter techniques are typically
operated in a non-free-spectral-range-matched scheme, and
thus can hardly be operated at frequencies higher than a few
Kilohertz. For real-time environmental and structural stability
monitoring that has to be done at multiple locations and needs
to correlate the measurements with each other, a fast interro-
gation of multiple wavelengths with a portable, low-cost and
high-precision system is highly desired [15]. In this paper,
a free spectral range matched interrogation (FSRMI) system
is deployed to demodulate the wavelength shift of a TFBG
under different temperature and strain conditions. Due to its
capability of demodulating multiple wavelengths simultane-
ously, the FSRMI system can be integrated with TFBGs for
multiple-point sensing applications. The transmission spectra
of the TFBG are measured using the FSRMI system and the
temperature coefficient and strain coefficient of the core and
cladding modes of the TFBG are derived. Our results demon-
strate an integrated FSRMI and TFBG system for temperature
and strain sensing application. This will lead to a cost-effective,
fast-response, and multiple-channel sensing system toward
industrial applications such as multipoint, compact, high sensi-
tive temperature, and strain sensors.
II. EXPERIMENTAL SETUP
The FSRMI system consists of an electrically tunable FFP
filter and a multichannel bandpass filter followed by pho-
todetectors (Fig. 1). Input optical signal is launched into the
tunable FFP filter (Micron Optics, FFP-TF2). The output from
the FFP filter is then directed into the multichannel bandpass
filter and the optical signal is split into different channels and
is converted to electrical signal by the photodetectors. The
electrical signal is acquired by a personal computer for subse-
quent data storage, processing and display. The detected signal
intensity ( ) is proportional to the overlap among incoming
optical spectrum ( ), the FFP filter transmission spectrum
( ), and the bandpass filter transmission spectrum ( ):
. The bandpass filter transmission
spectrum remains constant in each of its transmission
channels ( ), which are chosen to match the
free spectral range of the tunable FFP filter. The transmission
spectrum of the FFP filter can be approximated as a
delta-like function in each corresponding free spectral range
1530-437X/$25.00 © 2009 IEEE
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Fig. 1. Block diagram of the experimental setup which integrates a TFBG and
an FSRMI system. The diagram shows a multichannel (    ) bandpass filter.
The FFP filter is tuned by applying an external dc bias. The tunable FFP filter is
manufactured by Micro Optics (FFP-TF2). The bandpass filter is manufactured
by Opto-Link (C-Band, four channels). The photodetctors are manufactured by
EG & G Company (FD-InGaAs).
Fig. 2. Schematic diagram of a Tilted fiber Bragg Grating. : grating period,
and : tilt angle (blaze angle).
( ). The detected signal ( ) is therefore propor-
tional to the incoming spectrum ( ).
The free spectral range of the tunable FFP filter is 4.0 nm,
so is the bandwidth of each channel of the bandpass filter. An
external voltage is applied to the FFP filter to scan the peak
wavelengths of its delta-like transmission modes. A wavelength
shift of 5 pm is obtained with an incremental step of 0.02 V
of the external voltage bias. The maximum sampling rate at-
tainable with the system is three mega samples per second. The
number of photodetectors is the same as the number of chan-
nels of the bandpass filter. An -channel FSRMI allows simul-
taneous scanning and thus improvement of detection speed by
times comparing to a non-free-spectral-range-matched interro-
gation scheme. This technique can provide solutions for wave-
length demodulation of multisensor arrays with high sampling
speed and wavelength resolution.
Fig. 2 shows a schematic of the cross section of a TFBG.
The TFBGs exhibit to have the ability to couple the light
from the core of the fiber to the cladding at numerous discrete
wavelengths shorter than the Bragg wavelength. Two resonance
modes in TFBGs, called Bragg and Ghost modes, are generally
more attractive for sensing purposes. The Bragg mode results
from the interference between the forward-propagating core
mode and contra-propagating core mode, while the Ghost
mode from the interference between the forward-propagating
core mode and the first contra-propagating cladding mode. The
Bragg and Ghost resonance wavelengths are determined by a
phase-matching condition and can be given by the following
equations [16]:
(1)
(2)
Fig. 3. Transmission spectrum of the TFBG with a tilt angle of 6 measured
using the FSRMI system. The turning voltage applied to the FFP filter is con-
verted to wavelength using a precalibrated conversion table. The Bragg mode
(core–core mode) is at 1550.576 nm. The Ghost mode (core–cladding mode) is
at 1548.416 nm.
where and are the effective refractive
index of the ghost mode and core mode, respectively, and
is the grating period and is the tilt angle (blaze angle).
The TFBGs used in this research are written in the hy-
drogen-loaded Corning SMF-28 fibers using a KrF excimer
laser ( ). A phase mask is employed to generate the
grating pattern. The mean optical power is kept constant and
the gratings are inscribed with a single sweep of the UV laser
along the phase mask with a velocity of the order of 10 .
After the inscription process the gratings are annealed at 100 C
for a few hours.
III. RESULTS AND DISCUSSION
Fig. 3 shows the transmission spectrum of the TFBG with a
tilt angle of 6 that is measured using the FSRMI system. The
TFBG is under no strain and at room temperature. Two chan-
nels of the FSRMI system are employed to scan simultaneously
in 30 seconds over the wavelength ranges of [1546-1550] and
[1550-1554] nm, in which the Ghost and Bragg modes are lo-
cated, respectively. The Bragg and Ghost modes are identified
in Fig. 3 at 1550.576 and 1548.416 nm, respectively. Other res-
onance dips at the shorter wavelength side are attributed to the
interference between the forward-propagating core mode and
higher order contra-propagating cladding modes.
The Bragg and Ghost resonance wavelengths depend on en-
vironmental parameters such as temperature and strain. To ex-
amine the effect of strain, two ends of the TFBG are mounted
to two optical translation stages, respectively. By changing the
distance between the two stages, the strain that is applied on
the TFBG can be adjusted. The strain is defined as the relative
change of the length of the fiber and is usually measured
in the unit of . 1 is a strain that changes a 1-meter-long
fiber by 1 . The transmission spectra of the TFBG are mea-
sured under different strain conditions using the FSRMI system.
It shows that the general form of the transmission spectra stays
almost the same but the Bragg and Ghost resonance wavelengths
drift linearly with the increase of the strain.
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Fig. 4. The Bragg and Ghost resonance wavelengths of the TFBG as a function
of strain at room temperature. The TGBG has a tilt angle of 6 .
Fig. 5. The Bragg and Ghost resonance wavelengths of the TFBG as a function
of temperature under zero strain. The TGBG has a tilt angle of 6 .
Fig. 4 shows the shift of the Bragg and Ghost resonance wave-
lengths as a function of the strain. The TFBG is kept constant
at room temperature so the wavelength variation due to temper-
ature effect is negligible. Both the Bragg and Ghost resonance
wavelengths shift to longer wavelengths upon the application of
the external strain to the TFBG and a linear relationship is ob-
served. This can be explained by the fact that the grating period
( ) of the TFBG increases as a result of stretching the fiber (the
strain). The increase of is proportional to the strain ( )
and the resonance wavelengths are proportional to the grating
period [(1) and (2)], as a result, the Bragg and Ghost reso-
nance wavelengths shift linearly with the increase of the strain.
From the slopes of the two curves in Fig. 4, the strain coeffi-
cients of the TFBG for the Bragg and Ghost modes are derived
as and , respectively.
The temperature effect is also examined by measuring the
transmission spectra of the TFBG under different temperatures
and the results are plotted in Fig. 5. The temperature of the
TFGB is tuned from room temperature up to around 100 C
and each of the temperatures is controlled within 1 C. The
TFGB is under zero strain in the measurements. The Bragg and
Ghost resonance wavelengths shift linearly with the increase of
temperature. This is attributed to the thermal expansion of the
fiber, which lead to the linear increase of the grating period. The
temperature coefficient of the Bragg and Ghost modes are de-
rived from the slopes in Fig. 5 as and
over the temperature range from room
temperature to around 100 C.
In practical applications, both strain and temperature induced
wavelength shifts of the Bragg and Ghost modes need to be
counted. The response due to the variation of strain and tem-
perature may be expressed in terms of a matrix [(3)], the inverse
of which would be used to determine independently temperature
change ( ) and strain change ( ) given that the strain and
temperature coefficients of the Bragg mode are adequately dis-
tinct from those of the Ghost mode. For this purpose, specially
designed TFBGs need to be fabricated
(3)
The FSRMI system is capable of discriminating a wavelength
shift of 5 pm when the FFP filter is set to have a tuning voltage
with an incremental step of 0.02 V. As a result, the minimum
temperature variation and strain variation that can be distin-
guished by the integrated FSRMI-TFBG system is estimated to
be and , which is sufficient for practical ap-
plications in environmental monitoring and structure stability
studies.
IV. CONCLUSION
This work presents experimental results of using a new ap-
proach to interrogate a tilted fiber Bragg grating sensor. This
FSRMI technique employs a high finesse, narrow linewidth,
tunable FFP filter to achieve a high wavelength resolution. In
combination with an -channel bandpass filters that have trans-
mission bandwidth matched to the free spectral range of the
FFP filter, the system ensures fast scanning rate which can be
times faster than a non-free-spectral-range-matched approach.
The temperature and strain dependence of the Bragg and Ghost
resonance wavelength shifts are measured using this FSRMI
technique. The experimental study shows the potential of the
integrated system of the new FSRMI technique and tilted fiber
Bragg gratings for multipoint, multichannel temperature and
strain sensors with low cost, high sensitivity, and high speed.
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